ABSTRACT Conceptual design plays an important role in a product development process. Significant development of technologies in the cyber-physical system (CPS) provides innovative approaches for product conceptual design. This paper proposes an architecture of CPS for conceptual design that realizes the acquisition of real-time physiological data from the physical world and the feedback of psychological states from the cyber world. As understanding and meeting the needs of customers have been recognized as significant aspects for conceptual design, an intelligent psycho-physiological approach that incorporates electroencephalogram (EEG) into the Kano model is adopted in this CPS for real-time customer needs analysis. The sample entropy (SampEn) extracted from EEG data is an endogenous neural indicator for customers' psychological states. A support vector machine using this SampEn as input is trained for classifying different categories of quality attributes defined in the Kano model. A case study is conducted to testify the feasibility of the approach proposed in this paper.
I. INTRODUCTION
Industrial production is characterized by the strong individualization of products under the circumstance of mass customization [1] . In a product development process, conceptual design plays a decisive role and determines 80% of the product life cycle costs [2] . It is significant to apply creative methods in the conceptual design. A cyber-physical system (CPS) is defined as a system with a tight coupling of cyber and physical objects [3] . Owing to the advances of computation, communication and control technology, the CPS can be an innovative technique for conceptual design.
As a CPS is in its early stage of development, defining its architecture is a crucial part of recent studies. Ilic et al. [4] modeled the rapid evolving energy systems as a CPS, whose mathematical description relies on the cyber technologies that support the physical system. La and Kim [5] incorporated the service-oriented architecture (SOA) concept into CPS with a three-layer architecture while Hu et al. [6] proposed a fivelayer architecture. Lee et al. [7] put forward a unified system framework for general applications in industry, namely the 5C architecture, where prognostics and health management (PHM) were used to manage and analyze information at the cyber level. Hu et al. [8] conducted a full-scale survey on the CPS and demonstrated the 3S-oriented CPS using both qualitative analysis and quantitative models [8] . Even if there are some studies focusing on industrial production, the architecture of CPS for product conceptual design has not been discussed yet. Thus, this study sheds light on the CPS for product conceptual design, particularly concerning about the method for real-time customer needs analysis.
Customer needs analysis is the prerequisite of conceptual design. Taking a full consideration of the internal voice of customers has been recognized as a significant task before the specific technical requirements being made by designers. Nevertheless, customer needs are sometimes ill-defined because of the vague meaning expressed by customers or misinterpretation made by designers. To solve this problem, the Kano model is used to classify and prioritize product quality attributes according to customers' psychological states [9] . A strict linear view of the impact of product quality attributes on customers' satisfaction is abandoned in this model and the particular quality attribute which may arouse customers' satisfaction or dissatisfaction is classified [10] .
Numerous studies have been conducted to improve the original Kano model. Tontini proposed a modified Kano model by identifying the degree of satisfaction [11] . For the same purpose, Lee and Huang [12] incorporated a fuzzy method into the traditional questionnaire which was considered to be subjective. To compensate for the deficiencies of qualitative assessments in the traditional Kano model, Xu et al. [13] presented an analytical Kano model using Kano indices and Kano principles, aiming at combining quantitative measurements with customer satisfaction analysis. In the meanwhile, other studies focused on integrating the Kano model into existing design methods. Chen and Chuang [14] incorporated the Kano model into a robust design method to achieve the optimal combination of design form elements. Azizi and Aikhuele [15] proposed a decision making model integrating Quality Function Deployment (QFD) with the Kano model for the evaluation and selection of lean production tools.
According to all the studies on the Kano model, the questionnaires and evaluation table are applied for the classification process. Even if they have been improved in some studies, they are still too subjective and lacking the consideration of the uncertainty of mentality. Since no endogenous neural indicators have been used to measure customers' psychological states, electroencephalogram (EEG), which is exploited to record the ongoing brain activities, can interpret the inherent response of customers' psychological states. In addition, compared with the traditional physiological signal such as audio/visual attributes and autonomic nervous system in the periphery, EEG data are time varying with temporal resolution in milliseconds and cannot be disguised by human beings [16] . Hence, EEG is a better indicator for showing customers' psychological states.
In this paper, we proposed a CPS for product conceptual design with three different layers: perceiving layer, computing layer and application layer. This CPS mainly focuses on analyzing customers' real-time needs, through which accurate technical requirements can be acquired by designers during the conceptual design. An intelligent psycho-physiological approach that incorporates EEG into the Kano model for real-time customer needs analysis is proposed in this CPS. With the help of non-linear feature extraction and machine learning algorithms, customers' psychological states can be shown by an endogenous neural indicator.
This paper is organized as follows. The architecture of a CPS for product conceptual design is explained in Section II. Then the experimental method incorporating the Kano model for customers' physiological data acquisition is proposed in Section III, followed by the physiological data process for customers' psychological states recognition in Section IV. A case study of real-time customer needs analysis on a panoramic elevator is presented in Section V to testify the feasibility of the approach developed in this paper. Finally, Section VI summarizes this paper and discusses about the deficiencies.
II. ARCHITECTURE OF CPS FOR PRODUCT CONCEPTUAL DESIGN
The proposed architecture provides guidance for the development of a CPS for conceptual design. This CPS has two significant features: one is an advanced method that realizes the acquisition of real-time physiological data from the physical world and the feedback of psychological states from the cyber world; the other is the capability of processing and classifying physiological data in the cyber space. The architecture is described in Fig. 1 . Three different layers in this architecture are introduced as follows.
The perceiving layer is the data source for other layers. Real-time EEG data which can interpret customers' psychological states are recorded in this layer, where a series of electrodes placed on the scalp is used as sensors. The data can also be acquired from enterprise manufacturing systems, such as an ERP (Enterprise Resource Planning) system.
The computing layer includes storage and computational devices. Real-time EEG data are pre-processed and segmented in this layer, followed by the non-linear feature extraction. A machine learning algorithm is applied for feature classification, through which useful psychological information can be inferred from the physiological data.
The application layer gathers the feedback from the cyber space to the physical world. The obtained customers' psychological information provides accurate customer needs for designers, which may significantly optimize the process of conceptual design. Traditional computer aided design (CAD) system mainly focuses on the precise description of design parameters, lacking the capability of dealing with uncertain problems and interacting with customers. To make up for the deficiencies, the psychological information can be stored for knowledge reuse and contributes to next generation of CAD system to realize the human-machine interaction.
As fulfilling customers' needs is an essential request for product conceptual design, this CPS is concerned with the method for real-time customer needs analysis. Therefore, an intelligent psycho-physiological approach including physiological data acquisition and psychological states recognition is developed in the following sections. 
III. EXPERIMENTAL METHOD FOR PHYSIOLOGICAL DATA ACQUISITION
To address the deficiencies of the traditional Kano model for customer needs analysis, physiological data (e.g. EEG) are incorporated into the Kano model. Based on the presented architecture of the CPS, physiological data are recorded in the perceiving layer. This section reports an improved Kano model and the experimental method for EEG recording.
A. INCORPORATING EEG INTO THE KANO MODEL
Customers' satisfaction is a significant factor for the competitiveness of products. The Kano model is an efficient instrument to illustrate the non-linear relation between customers' satisfaction and the achievement of quality attributes. As shown in Fig. 2 , the x-axis indicates whether a quality attribute is achieved and the y-axis shows the degree of customers' satisfaction. With special questionnaires and evaluation table, the quality attributes are classified into five distinct categories based on different psychological states, shown as follows.
Must-be quality attribute: Customers feel rather dissatisfied when this attribute is not achieved, but it will not arise satisfaction when it is achieved.
Attractive quality attribute: Customers feel rather satisfied when this attribute is achieved, but it will not lead to dissatisfaction when it is not achieved.
One-dimensional quality attribute: Customers are more inclined to be satisfied when this attribute is achieved. On the contrary, they tend to feel dissatisfied when it is not achieved. Indifferent quality attribute: Whether the attribute is achieved or not, it will not impact customers' psychological states.
Reverse quality attribute: In contrast to the must-be quality attribute, if this attribute is achieved, customers feel dissatisfied.
The classification of quality attributes is based on customers' psychological states. In other words, it is equivalent to the classification of different customers' needs. The Kano's questionnaire is designed to explore the customers' psychological states whether a specific quality attribute is achieved or not, as shown in Table 1 . The questionnaire includes several pairs of questions, called functional questions (the quality attributes are achieved) and dysfunctional questions (the quality attributes are not achieved). A special evaluation table shown in Table 2 is used to analyze the data from the questionnaire, which can result in a categorization of each quality attribute. The capital letters in Table II represent different categories defined in the Kano model, among which the capital letter ''Q'' indicates that the result of the questionnaire is contradictory. However, the questionnaire and the evaluation table are too subjective and lacking the consideration of the uncertainty of mentality. Brain activities emit continuous electrical signals, which can be recorded as EEG. Researchers asserted that the EEG has effect on deciphering individual's intentions or feelings. Among all the physiological signals, such as heart rate (HR), electromyogram (EMG), and galvanic skin response (GSR), EEG is the most sensitive signal to the changes of cortical activation [18] , implying that it can provide more insights into the change of psychological states. In this paper, EEG is incorporated into the Kano model as the endogenous neural indicator for recognizing customers' psychological states. Hence, customers' feelings can be directly discovered through spontaneous neural signals rather than subjective questionnaire, and designers can explicitly identify different customers' needs.
B. EXPERIMENTAL STIMULI
The stimuli are pictures and words containing product quality attributes. They are presented in the center of the screen in order to evoke the change of subjects' psychological states. The presentation of the stimuli pictures are controlled by a stimulus system (E-Prime, Neurosoft Labs, Inc). Each picture is presented for 1000ms after a central fixation cross, which is presented for 500ms between two successive visual stimuli, as shown in Fig. 3 . Subjects are instructed to focus on the stimuli and assess the necessity of this quality attribute in their mind. 
C. REAL-TIME PHYSIOLOGICAL DATA ACQUISITION
The electrodes used to record EEG data function as sensors in the perceiving layer of the CPS. The placement of the electrodes according to the standard 10-20 International System [19] is shown in Fig. 4 . The first letter F, T, C, P or O respectively represent frontal, temporal, central, parietal or occipital locations in the brain. The following numbers refer to the different hemispheres, even numbers indicating the right while odd numbers indicating the left. Moreover, the letter ''z'' represents the electrode placed in the middle. ). An electrode cap is utilized with 32 Ag/AgCl electrodes placed based on the above 10-20 system, taking a forehead location as ground and referring to the electrode placed at left mastoid. In order to record vertical and horizontal electrooculogram (EOG), one pair of electrodes is respectively placed above and below the right eye while another pair of electrodes is placed 10mm away from the lateral canthi. The recorded EOG will be used to reject artifacts in EEG data, and all electrodes impedances are maintained below 5k . VOLUME 5, 2017
D. EXPERIMENTAL PROCEDURES
The experimental procedures are as follows:
Step 1: The experiment is introduced to each subject and the informed consent is signed. Subjects are instructed to focus on the stimuli and move as less as possible during the experiment.
Step 2: Subjects are helped to wear an electrode cap and the experiment starts after a three-minute rest with eyes open. The stimuli are presented in the center of the screen and EEG data are recorded continuously.
Step 3: After the experiment, subjects are required to finish the Kano's questionnaire about quality attributes that have been presented as the stimuli.
Step 4: The results of questionnaire are analyzed by the evaluation table in order to classify quality attributes into different categories.
IV. PHYSIOLOGICAL DATA PROCESS FOR PSYCHOLOGICAL STATES RECOGNITION
The EEG data from the perceiving layer are then processed in the computing layer, which can recognize different psychological states of customers and provide accurate requirements for designers. This section discusses the method for data processing, including pre-processing, feature extraction and psychological states recognition.
A. PHYSIOLOGICAL DATA PRE-PROCESSING
With recorded vertical and horizontal electrooculogram (EOG), EOG artifacts are excluded using the method proposed by Semlitsch [20] . The recorded EEG is segmented from 200ms prior to the stimuli to 800ms after the stimuli. Considering the 200ms pre-stimuli period to be the baseline, the remaining trails are corrected according to this baseline. What is more, peak-to-peak deflection exceeding ±100µV is removed as the artifact rejection.
These segments can interpret the inherent response of customers' psychological states (satisfied or dissatisfied) for product quality attributes that are shown in the experimental stimuli. According to the result of Kano's questionnaire and evaluation table, the obtained EEG segments are tagged with the corresponding category labels. The segments of same category are superposed and then averaged. A low pass digital filter at 30 Hz is used in the end.
B. FEATURE EXTRACTION FROM PHYSIOLOGICAL DATA
Brain activities are considered as a non-linear dynamic system. Non-linear features, such as entropy, can clearly demonstrate the features of the EEG data and explore the latent complexities in the EEG time sequence. To avoid the defects of the approximate entropy, sample entropy (SampEn) is proposed to measure the time series complexity [21] . The SampEn measures the data regularity with the negative natural logarithm of an estimate of conditional probability [22] . It does not contain self-matching and is independent from data length and noise. When the values of SampEn become larger, the irregularity of data becomes more obvious, which corresponds to the greater complexity of brain activities.
The SampEn has been proved as a robust and efficient index of the EEG data. The algorithm that can be used to calculate the SampEn is stated as follows [20] :
Step 1: Given an embedding dimension m, the recorded time series x(1), x(2) , . . . , x(N ) can sequentially compose m-dimensional vectors X m (i):
where 1 ≤ i ≤ N − m + 1.
Step 2: The distance between X m (i) and
where
Step 3: Fix the threshold parameter r as the tolerance distance. For each i, the number of
B m i (r) is defined as the average number:
The grand average B m (r) can be represented as:
As for the embedding dimension m+1, the same grand average A m (r) can be calculated as:
Step 4: The SampEn of this time series can be given by:
However, N cannot be infinite in the calculation. When N is finite, the SampEn can be estimated as:
C. CUSTOMERS' PSYCHOLOGICAL STATES RECOGNITION
As the EEG segments are tagged with the corresponding category labels, the SampEn extracted from each EEG segment is correspondingly tagged with the same label. A support vector machine (SVM) is applied to classify the category label of each SampEn. Since an SVM is an efficient classifier dealing with the non-linearity, small samples and high dimensional pattern recognition problems, it has been widely used in the classification of EEG data. The SVM constructs a separating hyperplane with maximum geometric margin, which can be the decision boundaries for differentiating diverse data clusters [23] . Since SampEn is the nonlinear feature of an EEG time series, a nonlinear support vector machine [23] is used in this study. Comparing with the original SVM, it employs a kernel function to map data into a higher dimensional space nonlinearly. Assuming that χ is the input space (subset of Euclidean space) and H is the Hilbert space, there is a transformation function φ (x) mapping the input data in χ to H . For all the x, z ∈ χ, the kernel function is shown as follows [24] :
The kernel function can be used in a training algorithm instead of explicitly knowing φ (x). The learning problem of nonlinear SVM is equivalent to the convex quadratic programming, and the primal problem is shown as follows:
Assuming that the solutions of Eq. (9) are w * and b * , the equation of separating hyperplane is w * · x + b * = 0 and the separating decision function is f (x) = sign (w * · x + b * ). C > 0 is a penalty parameter to be chosen by the users and a slack variable ξ i ≥ 0 is proposed to relax constraints. In order to acquire an optimal solution, the dual algorithm is applied with Lagrange function and Lagrange multiplier α i , where
Selecting an appropriate Kernel function and penalty parameter C, the dual problem of the primal problem can be represented as follows:
The optimal solution of this dual problem is
If there is a component α * j , 0 < α * j < C, the solution w * and b * of the primal problem can be given by:
Therefore, the separating decision function can be represented as:
V. CASE STUDY
Customers' needs of panoramic elevators are analyzed as a case study to verify the psycho-physiological approach proposed in this paper. Panoramic elevators are typical products of mass customization which essentially focuses on the satisfaction of individual requirements. Fig. 5 shows the virtual model of a panoramic elevator. As it has been widely used in all kinds of buildings, locating potential customers and designing products to meet customers' needs are critical aspects for elevator enterprises to win the market competition.
FIGURE 5. Virtual model of a panoramic elevator.
TABLE 3. Quality Attributes of the Panoramic Elevator
Fourteen subjects (10 males and 4 females, average age = 23.5) from Zhejiang University take part in this study. Most of them are postgraduate or undergraduate students majoring in mechanical engineering. All of them do not have any history of neurological disease. After the experiment, they are required to finish the Kano's questionnaire for the purpose of classifying quality attributes into different categories subjectively. Table 3 lists the quality attributes that are chosen as the experimental stimuli, and table 4 shows specific categories of these attributes. The experimental environment and the pictures of quality attributes presented in the experimental stimuli section are shown in Fig. 6 .
The recorded EEG is pre-processed by the method mentioned in Section III. The obtained EEG segments, representing customers' different psychological states, are tagged with the corresponding category labels according to the Kano's questionnaire and evaluation table. For example, based on the answer of the questionnaire, the interior decorations turn out to be an attractive quality attribute, which means that customers will feel satisfied when the panoramic elevators have beautiful interior decorations. However, it will not cause dissatisfaction when the interior decorations are not beautiful. Therefore, the relevant EEG segment recorded after the presence of this stimuli picture is tagged with a label called attractive quality attribute. As must-be, onedimensional and attractive quality attributes are the most important and crucial criteria for product conceptual design, this study only focuses on the EEG segments of these three major categories. In addition to these attributes, indifferent quality attributes are overlooked as they cannot evoke customers' satisfaction or dissatisfaction. Moreover, the questionnaire and its analysis have to be modified for the reverse quality attributes. The EEG segments of three different categories are shown in Fig. 7 , depicting also the scalp distributions of effects engendered by stimuli pictures. differences in the results of SampEn [25] . This study does not focus on the impact of m and r on the SampEn. Hence, m = 2 and r = 0.2 SD are chosen empirically [26] , where SD represents the standard deviation of the time series. 800 sample points are extracted from each segment in order to obtain effective statistical properties and decrease artifacts. As shown in Fig. 7 , frontal area is the most active one during the experiment. Hence, the SampEn at F1, Fz, F2, FC1, FCz, FC2 is chosen as the endogenous neural indicator for three different psychological states. The SampEn of the EEG segments in fourteen subjects' frontal area is shown in Table 5 . Due to the space limitation, Table 5 only lists the SampEn at F1 and Fz.
An SVM classifier with the SampEn as input is built by LIBSVM [27] software, and radial basis function (RBF) kernel is adopted to map samples into a higher dimensional space nonlinearly. Penalty parameter C and kernel parameter g are two essential factors for the SVM classifier. Taking advantage of the grid search method, the best values C = 0.52 and g = 3.03 at five-fold cross-validation scheme are found and the classification accuracy is 73.8%. Fig. 8 shows the classification result of three different categories.
VI. CONCLUSIONS
In this paper, a three-layer architecture of CPS for product conceptual design is proposed. This CPS enables the acquisition of real-time physiological data from the physical world and the feedback of psychological states from the cyber world. It can be further developed for promoting the interconnection between customers and designers so as to improve the performance of the CAD system. Taking a full consideration of the uncertainty of customers' real-time needs, an intelligent psycho-physiological approach that incorporates EEG into the Kano model for real-time customer needs analysis is proposed in this CPS. EEG data evoked by the stimuli pictures of product quality attributes are sensitive physiological signals which can interpret the inherent response of customers' psychological states. Thus, in the future customer needs analysis, EEG can replace the questionnaire and evaluation table used in the Kano model. The SampEn extracted from EEG data serves as an endogenous neural indicator for customers' psychological states. A support vector machine is applied for classifying different product quality attributes with the SampEn as input. This psycho-physiological approach provides accurate customer needs for designers with the aim of guiding them to make specific technical requirements, which can optimize the process of product conceptual design.
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